We report on the coherence of Greenberger-Horne-Zeilinger (GHZ) states comprised of up to 8 qubits in the IBM ibmqx5 16-qubit quantum processor. In particular, we evaluate the coherence of GHZ states with N = 1, . . . , 8 qubits a , as a function of a delay time between state creation and measurement. We find that the decay in coherence occurs at a rate that is linear in the number of qubits. This is consistent with a model in which the dominant noise affecting the system is uncorrelated across qubits.
I. INTRODUCTION
Prototype quantum processors based on superconducting qubits [1, 2] , and in particular transmon-related qubits, have become a leading platform for experimentally testing ideas in quantum information processing. The creation of a 10-qubit entangled state with transmon qubits has recently been demonstrated [3] ; this followed earlier demonstrations of 3-qubit and 5-qubit entanglement [4] [5] [6] with superconducting qubits. There are near-term plans to construct machines capable of entangling up to 49 qubits [7] , and it is expected that a processor with 49 qubits on a 2D lattice may, if the gate fidelities and qubit decoherence meet certain conditions, result in a demonstration of quantum computational supremacy [8, 9] .
Studying the coherence of many-qubit entangled states can provide insight into the nature of the noise to which the qubits are exposed. The properties of the noise in a quantum computer can have profound implications for the error correction required to operate the computer fault-tolerantly [10] [11] [12] [13] [14] [15] [16] [17] [18] . The strength and type of noise is also relevant in determining if a particular processor is performing a sampling task that is hard to simulate classically [9] . GHZ states [19, 20] are canonical multi-particle entangled states in quantum information. They have been studied for their connection with the foundations of quantum mechanics and entanglement, but are also of interest in metrology [21, 22] . In this paper we study the decoherence of GHZ states in a 16-qubit superconducting processor; our choice of GHZ states is motivated both by the widespread appearance of GHZ states in the quantum information literature, and because a very similar study to the present one has been conducted with trapped-ion qubits, by Monz et al. [23] , and we would like to allow easy comparison with their results.
II. METHODS
We investigate the coherence of N -qubit GreenbergerHorne-Zeilinger (GHZ) states of the form |ψ = * asier.ozaeta@qcware.com † pmcmahon@stanford.edu a In the cases of N = 1 and N = 2, one might formally call the states we studied GHZ-like, or generalizations of GHZ states, since a GHZ state is only defined for N ≥ 3.
on the ibmqx5 16-qubit processor from IBM [24] . We used a very similar procedure to evaluate the coherence to that described in Ref. [23] , which we outline below.
We perform, for each N , a set of experiments that together allows us to quantify how quickly the N -qubit GHZ state decoheres. The quantity we measure is the coherence C of the GHZ state as a function of a delay time τ between state generation and a parity measurement that depends on the coherence. By the coherence C(N, τ ) of the GHZ state, we mean specifically the following: the GHZ state under consideration can be represented by a density matrix ρ (N,τ ) , and C(N, τ ) is defined as the sum of the amplitudes of the far-off-diagonal elements ρ (N,τ ) 11···1,00···0 and ρ
In particular, for each N ∈ {1, 2, . . . , 8}, we run a circuit which itself has two parameters: a delay time τ , and an analysis angle φ. The circuit consists of four stages: (i) generate an N -qubit GHZ state of the form (|0 . . . 0 + |1 . . . 1 / √ 2); (ii) introduce a delay τ ; (iii) rotate each qubit using the singlequbit unitary operator U (φ), and (iv) measure each qubit in the computational basis {|0 , |1 }. This circuit is run with varying τ , and for each τ , it is run with φ ranging from φ = 0 to φ = π, and for each combination of N , τ , and φ, the circuit is run multiple times to obtain sufficiently low statistical errors in the measurement results.
We aim to access information about the coherence C(N, τ ) of the GHZ states; one convenient approach to measuring the coherence is to measure the amplitude of parity oscillations [23, 25, 26] . Each qubit of a generated GHZ state is rotated by
These rotations induce oscillations in a measurable quantity called the parity P := P even − P odd as the phase φ is varied.
Here P even/odd correspond to the probabilities of finding the measured bitstring with an even/odd number of 1's. The amplitude of these oscillations is a direct measurement of the coherence C(N, τ ) for a GHZ state with given number of qubits N and a delay since generation τ . We investigate the coherence of each GHZ state as a function of time by varying the delay between creation and coherence measurement. In the experimental device under consideration, the observed coherence decay is exponential, and can be characterized by a coherence time parameter T (N ) 2 , which we obtain by fitting an exponential function
value is then compared with that of a single qubit; if the dominant noise source affecting the qubits is not correlated spatially, then one expects T
= N . This can be interpreted as the coherence time of an N -qubit GHZ state decreasing linearly with the number of qubits, or equivalently that the decoherence rate increases linearly with the number of qubits.
We now describe some specifics about implementing the protocol described above on the ibmqx5 device. The ibmqx5 [24] is a 16-qubit device in which every qubit can interact with at least two nearest neighbors via Controlled-NOT (CNOT) gates. The qubits are arranged in a 2 × 8 square lattice, with connectivity as shown in Fig. 1 . The connections between qubits have directionality: a → b means that only a CNOT with Qubit a as control and Qubit b as target is supported. To circumvent this limitation, one can apply Hadamard gates to the qubits acting as control and target before and after applying the CNOT gate in order to switch the direction.
This architecture allows for the generation of a 16-qubit GHZ state in principle. However, the finite gate fidelities in the device limit the size (N ) of GHZ state that can be meaningfully prepared and analyzed in practice. In order to maximize initial fidelity we explored different gate paths to attempt to minimize the number of gates used to prepare the GHZ state. We used the QISKit SDK [27] and the OpenQASM language for programming and running our circuits. Fig. 2 shows the circuit we used for generating and analyzing the 5-qubit GHZ state. For the N = 5 case, we used the physical qubits {1, 2, 3, 4, 5}, and owing to the directionality restrictions shown in Fig. 1 , this is a case in which the state generation required some additional gates beyond those in a canonical GHZ preparation circuit. The GHZ state is generate using a combination of Hadamard and CNOT gates. Because of the direction of the connection between the 4th and 5th physical qubits we are forced to include extra Hadamard gates to flip the control and target of the CNOT gate. A delay τ is realized via the application of multiple identity operations. Each identity operation has the same duration as a single-qubit rotation gate (80 ns) and is followed by a 10-ns buffer time, which corresponds to a total delay of 90 ns per identity operation. The U rotation needs to be implemented using the standard gates provided by the IBM API. We use the ibmqx5 standard unitary operator U 3 (θ, λ, φ U3 ), which is defined as follows:
When θ = π/2, φ U3 = −λ, and λ
, which is the desired rotation. Finally, we measure the qubits. We choose which of the physical qubits of the available 16 to use as follows. For GHZ states with N ∈ {1, 2, . . . , 6}, the qubits that comprise the GHZ states begin at qubit 1 and follow the numbering of the device up to N . For the N = 7, 8 GHZ states, we choose the physical qubits that maximize the coherence C(N, τ = 0). Specifically, we used the chain (4, 13, 12, 11, 10, 9, 8) of physical qubits for N = 7 and (3, 4, 13, 12, 11, 10, 9, 8) for N = 8.
III. RESULTS AND DISCUSSION
Using the methods described above we experimentally measure the parity oscillations as a function of the phase of the rotation φ, first with no delay (τ = 0) between generation and measurement. A sinusoid is fit to the data for each N . This is shown in Fig. 3 . The amplitude of the fitted sinusoid corresponds to the coherence C(N, 0), since in this case the delay is zero. The coherence has a maximum value of 1. Each point in the figure was obtained by performing n = 1000 runs of the circuit, and an averaging of the results. In order to accurately fit the amplitudes of the parity oscillations, we sampled 4N + 1 points for each N -qubit GHZ state. The period of the oscillations, T (N ), decreases with N as T (N ) = 2π/N . We may get an estimation of the statistical error as a dispersion around the mean. We estimate the error of each point based on the mean parity P even/odd values and the number of data samples per point n as δP even/odd := P even/odd (1 − P even/odd )/n. For every N , we expect that the parity P will be equal to 0 when φ = 0. However, for several values of N we observed a shift in the oscillations, such that P = 0 for values of φ = 0.
The coherence of each GHZ state with no delay C(N, 0), as obtained from the oscillations amplitudes in Fig. 3 , is plotted in Fig. 4 as a function of N , and decreases approximately linearly with N (we obtain a linear fit C(N, 0) ≈ 0.88 − 0.12(N − 1) = 1 − 0.12N ). Deviations from the linear trend can be partially attributed to the differences in fidelity for gates applied to different physical qubits, as well as to the fact that for some N , more than N gates were used to generate the GHZ states due to the need to reverse the control and target qubits on some CNOT gates. We attribute the linear decrease of the initial coherence of the GHZ states to the linear number of quantum gates used to generate these states.
In this paper we studied GHZ states up to size N = 8, even though the ibmqx5 chip has an architecture that could theoretically allow the generation of GHZ states as big as N = 16. The reason for this is our inability to obtain clear parity oscillations for the N = 9 case even after trying different combinations of physical qubits. The measured parity values no longer fit well to a sinusoid (see Appendix A), and so the initial (zero-delay) coherence C(N = 9, 0) cannot be reliably measured. This inhibits meaningful assessment of how the coherence for states with N ≥ 9 changes with added delay. For each N = 1, . . . , 8, we measure how the coherence C(N, τ ) reduces as a function of time by varying a delay τ between the generation and rotation of the GHZ states. The coherence reductions are manifest as reductions in measured parity oscillations as a function of τ ; for each τ , we fit sinusoids to the parity oscillations and extract the fitted amplitudes, as we did for the case of τ = 0 in Fig. 3 . The decay of C(N, τ ) as a function of τ , for each N , is shown in Fig. 5(a) . For each N , we fit an exponential decay function to the measured C(N, τ ) data points: c
, where c init N is the fit parameter that characterizes the initial GHZ state coherence, and T (N ) 2 is the fitted coherence time for the N -qubit state. Fig. 5(b) also shows the decay of coherence with τ , but normalizes the coherence to 1 at τ = 0 (normalizing out the difference in initial fidelity between the GHZ states of different size N ), so that the monotonic increase in decay rates with N can be seen more easily by eye.
The delay ranges that can be measured for the different number of qubits are limited either by our ability to measure clearly the coherence for a given τ or chosen based on our having measured sufficiently many data points to obtain a reliable T , is shown as a function of N in Fig. 6 . We have fitted three different functions of N to the data: (i.) a linear function (βN + α), (ii.) a quadratic function with the linear term set to zero (γN 2 + α), and (iii.) a quadratic function with the constant term set to zero (γN 2 +βN ). If the sources of decoherence for each qubit are independent, then the expected scaling in Fig. 6 is linear. In contrast, if the system exhibits superdecoherence due to non-zero correlation in the noise, then a quadratic scal- is non-linear, we note that the data presented in Fig. 6 is well-fitted by a linear function, and the confidence interval of the slope is consistent with linear scaling T
We note that Fig. 2(b) in Ref. [23] , which describes the increase in decoherence rate as a function of N for a trappedion experiment, is directly comparable to Fig. 6 in this paper, since the data were arrived at using nearly identical procedures.
IV. CONCLUSIONS
In conclusion, we have analyzed the decay in coherence of GHZ states with up to 8 qubits in the ibmqx5 quantum computer. We find a linear increase in decoherence rate with the number of qubits, namely T
= N . The work of Monz et al. [23] showed that GHZ states exhibited superdecoherence in a quantum processor comprised of 40 Ca + ions, where each qubit was encoded in the electronic states S 1/2 and D 5/2 of a single ion. Since these states are not insensitive to magnetic fields, fluctuations in the current in Helmholtz coils (which form part of the experimental apparatus) lead to correlated dephasing noise for all the qubits. The use of magnetic-field insensitive ("clock") states, or decoherencefree subspaces, can be used to mitigate the deleterious effects of magnetic-field noise in trapped-ion processors [28] . However, our results provide evidence that superconducting processors constructed from single-junction transmons do not need further engineering to avoid superdecoherence (at least in the design and scale of the ibmqx5 system). This conclusion is consistent with current understanding of the known dominant sources of decoherence for IBM's transmon qubits [29] , which are thought to act independently on each qubit.
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Appendix D: Log-scale plots Fig. 9 shows a re-plotting of Fig. 5 on a log scale; this allows for easier visual inspection that the decays are indeed exponential. 
